The centrosome consists of a pair of centrioles and surrounding pericentriolar material (PCM). Many vertebrate cells also have an array of granules, termed centriolar satellites, that localize around the centrosome and are associated with centrosome and cilium function. Centriole duplication occurs once per cell cycle and is effected by a set of proteins including PLK4, CEP192, CEP152, CEP63, and CPAP. Information on the relationships between these components is limited due to the difficulty in assaying interactions in the context of the centrosome. Here, we used proximitydependent biotin identification (BioID) to identify proximity interactions among centriole duplication proteins. PLK4, CEP192, and CEP152 BioID identified known physically interacting proteins and a new interaction between CEP152 and CDK5RAP2 consistent with a function of CEP152 in PCM recruitment. BioID for CEP63 and its paralog CCDC67 revealed extensive proximity interactions with centriolar satellite proteins. Focusing on these satellite proteins identified two new regulators of centriole duplication, CCDC14 and KIAA0753. Both proteins colocalize with CEP63 to satellites, bind to CEP63, and identify other satellite proteins by BioID. KIAA0753 positively regulates centriole duplication and CEP63 centrosome localization, whereas CCDC14 negatively regulates both processes. These results suggest that centriolar satellites have a previously unappreciated function in regulating centriole duplication.
The centrosome consists of a pair of centrioles and surrounding pericentriolar material (PCM). Many vertebrate cells also have an array of granules, termed centriolar satellites, that localize around the centrosome and are associated with centrosome and cilium function. Centriole duplication occurs once per cell cycle and is effected by a set of proteins including PLK4, CEP192, CEP152, CEP63, and CPAP. Information on the relationships between these components is limited due to the difficulty in assaying interactions in the context of the centrosome. Here, we used proximitydependent biotin identification (BioID) to identify proximity interactions among centriole duplication proteins. PLK4, CEP192, and CEP152 BioID identified known physically interacting proteins and a new interaction between CEP152 and CDK5RAP2 consistent with a function of CEP152 in PCM recruitment. BioID for CEP63 and its paralog CCDC67 revealed extensive proximity interactions with centriolar satellite proteins. Focusing on these satellite proteins identified two new regulators of centriole duplication, CCDC14 and KIAA0753. Both proteins colocalize with CEP63 to satellites, bind to CEP63, and identify other satellite proteins by BioID. KIAA0753 positively regulates centriole duplication and CEP63 centrosome localization, whereas CCDC14 negatively regulates both processes. These results suggest that centriolar satellites have a previously unappreciated function in regulating centriole duplication.
Results and Discussion
A combination of approaches has identified many proteins that reside at the centrosome of mammalian cells [1] . A limitation in identifying interactions at the centrosome is that standard techniques such as coimmunoprecipitation cannot access proteins within the centrosome without disrupting its structure. To overcome this limitation, we used biotin identification (BioID) proximity labeling [2] [3] [4] to identify spatial and temporal relationships proximal to the site of centriole duplication. In the BioID approach, the protein of interest is tagged with a promiscuous mutant of E. coli BirA biotin ligase, BirA(R118G). Cells expressing this protein are incubated with excess biotin, and biotinylated proteins are affinity purified and identified by mass spectrometry. Due to the strong affinity of the biotin-streptavidin interaction, purification can take place under denaturing conditions to solubilize centrosome proteins while preserving, in the form of covalent biotinylation, information about proximal relationships. We will refer to such relationships as proximity interactions, as opposed to physical interactions derived from traditional approaches.
To test the feasibility of using BioID in the context of the centrosome, we applied this approach to human PLK4 and CEP192, key proteins in centriole duplication and maturation [5] . CEP192 interacts with PLK4, but we used an isoform of CEP192 that does not interact [6] to maximize the opportunity to observe differential spatial labeling. Myc-BirA(R118G) (hereafter BirA*) was fused to the N termini of PLK4 and CEP192, and the constructs were transfected into human U2OS cells. Both fusion proteins localized to the centrosome (see Figure S1A available online) and also stimulated biotinylation at the centrosome ( Figure 1A) ; similar results were observed in HEK293T cells (data not shown). Expression of BirA*-PLK4 caused formation of multiple centrioles adjacent to the parental centrioles ( Figures 1A and S1A) , as observed for wild-type PLK4 [16] , indicating that the fusion protein is functional.
To identify proximity interactors for PLK4 and CEP192, we transfected HEK293T cells with BirA*-PLK4 or BirA*-CEP192, supplemented them with 50 mM biotin 24 hr posttransfection, and incubated them for 18 hr. Centrosome-enriched fractions were prepared by sucrose gradient fractionation, proteins were solubilized, and biotinylated proteins were precipitated by streptavidin beads and analyzed by mass spectrometry. Cells transfected with BirA* or mock-transfected cells were processed in parallel as controls. Relative signals from mass spectrometry were compared as normalized spectral abundance factors (NSAFs), which takes into account protein length and run-to-run variation [17] . Results were filtered as described in the Supplemental Experimental Procedures.
The top proximity interactors for PLK4 and CEP192 are listed in Figure 1B , with the complete list in Table S1 . In both cases, the fusion protein itself has the highest NSAF value, presumably due to self-biotinylation or trans-biotinylation within a dimer. Indeed, some peptides identified with BirA*-CEP192 corresponded to peptides not in the isoform used in the BirA* construct, indicating that they derive from trans-biotinylation and suggesting that at least some CEP192 is multimeric in the centrosome. Several of the PLK4 proximity interactors stand out by their known relationship to PLK4 or involvement in centriole duplication. CEP152 and CEP192 both function in centriole duplication and have been reported to interact with PLK4 by independent approaches [6, 7, 18] . STIL is a core centriole duplication protein, which, like PLK4, causes centriole amplification when overexpressed [13, 19] but has not been shown to interact with PLK4. The PLK4 BioID hits also include proteins not previously implicated in centriole duplication. SDCCAG3, the highest non-PLK4 hit, localizes to the centrosome, endosomes, and the midbody during cytokinesis and regulates cytokinesis [20] .
The proximity interactors for CEP192 ( Figure 1B ; Table S1 ) comprise a different but overlapping set of proteins. CEP192 interacts with PLK4 and is required for centriole duplication *Correspondence: stearns@stanford.edu but is also required for the recruitment of pericentriolar material (PCM) proteins. Since we used the isoform of CEP192 that does not bind PLK4, we expected that many of the proximity interactors would be involved in recruitment. Accordingly, two of the top hits, NEDD1, a component of the PCM, and AURKA, an Aurora kinase, physically interact with CEP192 and are involved in mitotic PCM recruitment [21, 22] . Other proximity interactors include CEP152, which together with (B) Mass spectrometry analysis of proximity interactors of Myc-BirA*-PLK4 and Myc-BirA*-CEP192. Proximity interactors are ranked in the order of their normalized spectral abundance factor (NSAF) values (average of three independent experiments). Proteins in black were previously shown to localize to the centrosome, and bolded proteins were previously shown to interact physically with the indicated BirA*-tagged protein.
(C) A proximity-based interaction map of centriole duplication proteins. The map was constructed with selected proteins from mass spectrometry analysis of Myc-BirA*-tagged CEP63, CCDC67, CEP152, and CPAP and previously published data using Cytoscape software. Nodes representing individual MycBirA* fusion proteins are connected by blue edges to the identified proximity interactors. The width of each edge is proportional to the NSAF value of the interaction. A green edge between nodes indicates physical interactions validated in this study or previous studies: CEP152-CPAP [7, 8] , CEP63-CEP152 [9, 10] , CEP63-CEP57 [11] , CCDC67-CEP152 [12] , CPAP-STIL [13, 14] , CPAP-CEP120 [4, 15] , CEP152-CEP192 [6] , and CCDC14-CEP63, KIAA0753-CEP63, and CEP152-CDK5RAP2 (this study). Nodes are color coded to represent Myc-BirA* fusion proteins (red) and centriolar satellite proteins (yellow).
CEP192 recruits PLK4 to the centrosome [6] , and the K63 deubiquitinase CYLD, which functions with CEP192 in mitotic spindle assembly [23] .
The results with PLK4 and CEP192 show that combining BioID labeling with centrosome enrichment identified proximity interactors consistent with known physical interactions and functions. We next applied this approach to CEP152, CEP63, and CPAP [7, 9, 10] . CEP152 scaffolds procentriole formation by promoting centrosomal accumulation of CPAP and PLK4 [7, 18] . CEP152 and CEP63 colocalize in a ring around the proximal end of the parental centriole and are dependent on each other for centrosomal localization [9, 10] . CEP63 is ubiquitously expressed but has a paralog, CCDC67/Deup1, which we also included; CCDC67 functions specifically in de novo centriole amplification in multiciliated cells [12] .
N-terminal BirA* fusions of CEP152, CEP63, CPAP, and CCDC67 each localized to the centrosome and stimulated centrosomal biotinylation ( Figures 1A and S1A ). CEP152 was also tagged at the C terminus because superresolution imaging suggests that it has an elongated structure within the PCM [24] and thus the two termini might sample different spatial domains ( Figure S1A ). Overexpression of BirA*-CPAP caused centriole elongation, indicating that this protein fusion is functional ( Figures 1A and S1A ) [25] [26] [27] . Proximity interactions for CEP152, CEP63, CCDC67, and CPAP are represented graphically in Figure 1C and listed in Table S1 . As for PLK4 and CEP192, many previously reported physical interactions were identified by BioID ( Figure 1C) .
The proximity interaction map revealed a previously uncharacterized relationship between CEP152 and CDK5RAP2, a protein important in PCM recruitment and centrosome organization [28, 29] . This interaction was shown to reflect a physical association by coimmunoprecipitation in HEK293T cells (Figures 2A and S2A ). The C-terminal 608 residues of CEP152 were sufficient to bind CDK5RAP2 ( Figure S2B ). The proximity interaction between CEP152 and CDK5RAP2 was identified with CEP152-BirA*, but not with BirA*-CEP152, showing that this approach yields sub-protein-level spatial information reflecting actual interactions (Table S1 ). CEP152 localized normally to the centrosome in cells depleted of CDK5RAP2 ( Figures 2B and 2C) ; however, centrosome-associated CDK5RAP2 was significantly reduced in cells depleted of CEP152 (Figures 2D and 2E ). This suggests that recruitment of CDK5RAP2 is dependent on CEP152, consistent with results for the Drosophila orthologs Centrosomin and Asterless [30] , and with superresolution imaging of human centrosomes, in which CEP152 and CDK5RAP2 form adjacent concentric rings [24, 31] .
A striking feature of the proximity map for the centriole duplication proteins is that several components of centriolar satellites are among the most prominent hits for CEP63 and CCDC67 ( Figure 1C ; Table S1 ). Centriolar satellites are implicated in human disease and are linked to centrosome and cilium protein trafficking, cellular stress response, and autophagy [32] [33] [34] [35] [36] . However, little is known about the structure and function of centriolar satellites, and they have not been previously linked to centriole duplication proteins. We found that BirA*-CEP63 and BirA*-CCDC67 localized to punctate structures resembling centriolar satellites in addition to their prominent centrosome localization ( Figures 1A and S1A) . We demonstrated that these puncta colocalize with a subset of structures labeled by PCM1, a marker for centriolar satellites ( Figure S1B ), and that these BirA*-CEP63/PCM1-positive puncta dispersed throughout the cell upon depolymerization of microtubules ( Figure S1C ), as expected for centriolar satellites.
We examined the functional significance of the proximity interactions between duplication proteins and centriolar satellites by focusing on two proteins that were identified by BirA*-CEP63, KIAA0753 and CCDC14. Both proteins were identified previously as centrosome components by mass spectrometry [1] , and CCDC14 was reported to localize to centriolar satellites in that study. Coimmunoprecipitation in HEK293T cells revealed that both CCDC14 and KIAA0753 physically interact with CEP63 ( Figures 3A, 3B , and S3). Endogenous CCDC14 and KIAA0753 localized to centriolar satellites in U2OS cells, colocalizing with PCM1 ( Figure 3C ). BioID proximity interactors for both BirA*-CCDC14 and BirA*-KIAA0753 included several previously characterized centriolar satellite proteins (i.e., PCM1, OFD1, CEP90, and CDK1) with high NSAF values (Table S2) , consistent with these proteins being satellite components. CEP63 was also identified as a proximity interactor for both CCDC14 and KIAA0753. Consistent with the reciprocal proximity relationship of CEP63 to CCDC14 and KIAA0753, we found that BirA*-CEP63 colocalized with CCDC14 and KIAA0753 at satellites ( Figure 3D ) and that endogenous CEP63 localized to centriolar satellites in some cells expressing BirA*-CCDC14 or BirA*-KIAA0753 ( Figure 3E) . We tested the function of CCDC14 and KIAA0753 by depleting them from U2OS cells. Transfection with small interfering RNAs (siRNAs) against CCDC14 or KIAA0753 resulted in depletion after 48 hr ( Figure S4A) . Strikingly, cycling KIAA0753-depleted cells had a significant decrease in centriole number relative to control cells (Figures 4A-4C ). This phenotype was also apparent in mitotic cells, evidenced as spindle poles with single centrioles (Figure 4B ), and thus is not due to failure to traverse the G1/S transition. KIAA0753 depletion also compromised centriole reduplication during prolonged S phase arrest [37] in U2OS cells (Figures 4D and  4E ). These phenotypes were rescued by expression of RNAiresistant GFP-KIAA0753 (Figures S4B-S4E) .
In contrast to KIAA0753, depletion of CCDC14 caused a significant increase in the percentage of cells with more than four centrioles (Figures 4A and 4C) . The overduplication phenotype was not due to a prolonged S phase arrest, since the percentage of S/G2 cells was similar in CCDC14-depleted cells (36% 6 2.8%, n = 300) and controls (39% 6 3.6%, n = 300) as assayed by nuclear-localized cyclin A [38] . This phenotype could be rescued by expression of RNAi-resistant GFP-CCDC14 (Figures S4F and S4G) .
The phenotypes of CCDC14 and KIAA0753 depletion suggest that these centriolar satellite proteins regulate centriole duplication, with CCDC14 acting negatively and KIAA0753 positively. Based on the interaction of CCDC14 and KIAA0753 with CEP63, we tested whether localization of CEP63 to the centrosome was altered upon depletion of either protein. Remarkably, the CEP63 immunofluorescence signal at the centrosome increased in CCDC14-depleted cells and decreased in KIAA0753-depleted cells (Figures 4F and 4G ). This result suggests that these two centriolar satellite proteins achieve their opposing functions at least in part by antagonistically regulating CEP63 levels at the centrosome. Our experiments demonstrate the power of BioID labeling combined with centrosome enrichment in identifying functionally important relationships among centrosome proteins. The BioID proximity interactions included most known physical interactions, as well as previously uncharacterized interactions. Interestingly, some centrosome proteins, such as PCNT, CEP85, and ALMS1, were common to the BioID lists for several of the BirA* fusions. It is likely that these common proteins neither physically interact with nor are specifically proximal to all of these fusion proteins. Rather, these proteins might be characterized by high abundance with dispersed localization within the centrosome or high mobility through the centrosome domain. These types of interactions might only be accessible to BioID or other proximity labeling approaches.
The detection of a proximity interactor by BioID relies on the spatial relationship of that interactor to the BirA* fusion protein, the amount of time spent in the vicinity of the fusion protein, and the abundance relative to other nearby proteins. For the centrosome proteins studied here, these parameters are not known, and it is not yet possible to derive a detailed spatial map from the BioID data. However, BioID yielded an overlapping but distinct set of proximity interactors for PLK4 and CEP192, which occupy similar domains in the centrosome, and for the N and C termini of CEP152 [24] , consistent with spatial relationships being a critical factor in BioID proximity labeling.
We identified two new regulators of centriole duplication, CCDC14 and KIAA0753, and showed that they are components of centriolar satellites, interact with CEP63, and regulate CEP63 level at the centrosome. CCDC14 interacts with the C terminus of CEP63 ( Figures S3B-S3D ), which is also required for interaction of CEP63 with CEP152 [9] , providing a potential mechanism by which CCDC14 could negatively affect centriole duplication. Centriolar satellites are known to have activities relevant to determining protein level and activity [33, 35] , but we have not established whether the relevant effects are occurring at satellites or elsewhere. We propose that centriolar satellite proteins affect centriole duplication by regulating the localization of important duplication proteins, similar to their role in primary cilium formation [34] . We demonstrated this type of regulation for CEP63 but note that our BioID data for other centriole duplication proteins also reveal proximity interactions with satellite proteins (see Figure 1) . Thus, centriolar satellites might have a broader function in regulating centriole duplication in vertebrates.
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